I. INTRODUCTION
In the last few decades interest in wave energy generation as a source of renewable power generation has significantly increased. There has been a significant effort at academic, governmental and commercial institutions to develop wave energy conversion systems that are suitable for the harsh ocean environment. However, operational wave energy converters (WECs) have yet to establish their place among more developed conventional and renewable energy conversion systems.
The research presented in this paper is focused towards the development of a small scale WEC for mobile applications. Stationary, i.e. moored, oceanographic sampling platforms routinely use solar and wind-power to recharge their onboard battery systems in order to extend mission and deployment duration without refueling. Larger and more power hungry systems are often augmented with combustion engine based generators. Albeit not new [12] , recently mobile sampling platforms, such as Liquid Robotic's Waveglider [11] , have started to use wave power directly in order to generate the main propulsive force, while the electrical power for sensors, navigation, communication and control is provided through a solar array in combination with a battery. In contrast our approach is to develop a small WEC that will convert wave induced motion into electrical energy in order to provide power to a mobile platform that has to operate over extended periods of time in areas of little or no sunlight.
Direct drive point absorbers have been singled out by many studies as a very promising subdivision of WECs because of their high robustness and efficiency, and the lack of mechanical or hydraulic coupling [1] . Point absorbers directly employ heaving motion of sea waves and they have simple mechanical structure. Many different types of linear generators have been proposed for use in direct drive WEC applications. Among them the PM synchronous machine with ferromagnetic material on the stator stands out in terms of efficiency and cost [1] . The biggest portion of cost in the development of the direct drive point absorber is the linear generator. Therefore preferable generator design should not require complex parts or parts whose production wastes a lot of ferromagnetic material.
Better utilization of magnetic material and cogging force reduction are two of the most challenging problems in the design of linear generators. Both of these challenges could be addressed by different, more or less complex magnetic circuit topologies. Approaches for handling the cogging force often require more demanding manufacturing of certain parts to ensure that the performance of the generator is not compromised.
Open slot machine would be uncomplicated and cheap alternative with simple manufacturing and little material waste in the process. However, problems of magnetic material utilization and cogging force are significant. In this study, we propose a novel Double-sided Linear Permanent Magnet Generator (DSLPMG), and by means of finite elements method (FEM) analysis, we investigate its performance. FEM simulations are conducted in COMSOL and the results are used to guide the design of a DSLPMG prototype (Fig. 1 ). The prototype is meant to operate both as two phase and three phase topology with minor adjustments of the magnetic circuit. 
II. BASIC STRUCTURE
Semi-closed slot designs enhance translator-stator magnetic linkage while fractional coil pitch reduces cogging force, but they require complex optimization and manufacturing process, especially in the case of preferable tubular topology. Furthermore, such slot design can easily lead to increase in stator flux leakage and larger load angle [2] . In addition, the flux linkage per phase produced by the permanent magnets is reduced because of the fractional coil pitch [3] . An alternative approach would be to use a machine with full pitched open slots to facilitate the manufacturing process, enhance the utilization of ferromagnetic material and reduce load angle. However, this would decrease the cross-sectional area of the active magnetic circuit connecting the stator and translator, thus deteriorating the magnetic material utilization and leading to excessive cogging force. The DSLPMG resulted from an effort to find a simple and inexpensive linear generator design that would be able to perform with competitive efficiency. The DSLPMG keeps the convenience of open slot stators but overcomes their limitations.
The proposed generator is a tubular linear machine with Neodymium N42 permanent magnets on the translator (Fig. 2) . It is a double-sided machine, with internal and external stators shifted relative to each other (Fig. 3) . They both have open slots that host concentrated windings.
Since the proposed DSLPMG is a tubular machine, it does not have ending flux leakage and thus the PM flux is more efficiently used [4] . Its bearings benefit from suppression of normal forces on the translator and the machine has more compact mechanical structure [5] .
The tubular translator structure, also used in previous studies [6] , basically comprises vertically-distributed, axiallymagnetized ring permanent magnets whose poles face each other. Ferromagnetic spacers (focusers) are located between the magnet poles and they focus the flux radially into the stator (Fig.2) . The spacers are rings of the same dimensions as the magnets.
DSLPMG can be realized either as a two phase machine or as a three-phase machine. The difference in the structure of the magnetic circuit is minor; it lies only in the translator spacers while the stators remain the same. Naturally, the winding connections would have to be readjusted as well. The proposed generator is a tubular machine having both internal and external stators with full pitch coils in open slots. In the manner of some Transverse flux machines [7] , it has two stators shifted along the prime mover's axis into a suitable position so that PM flux can be exploited more efficiently (Fig.  3) . Translator poles and stator teeth tips have the same length. Therefore the less a particular translator pole is aligned with an external stator tooth, the more it aligns with the internal stator tooth, and vice versa. The result of this flux interaction is a machine that does not loosen its grip over the translator's flux despite having simple open slot geometry.
Cogging force is produced by fluctuations of magnetic energy stored in the machine's magnetic circuit. Assuming infinite permeance for ferromagnetic parts of the circuit and regarding a magnet as a source of constant magnetomotive force MMF 0 , the unit cogging force (based on one magnet and two ferromagnetic spacers) can be estimated as follows:
where W m (z) is the stored magnetic energy as a function of translator displacement z, R in , R out and h m are the inner, outer radii and height of the ring magnet, while P m (z) and P g (z) are permeances of the permanent magnet and air gap; g(z) and A(z) are the equivalent air gap and cross-sectional area seen by the PM flux. Equation (1) follows from representing the system by a simple magnetic circuit having a magnet with its MMF and reluctance in series with the reluctance of the air gap. From this simple approximation, it can be concluded that the stored magnetic energy will always increase for smaller values of P g (z), i.e. for larger air gaps, as long as P g (z) remains larger than P m , which is generally always the case when the magnet is inside the stator, as well as after the magnet leaves the stator (assuming longer translator). This explains the attractive force that exists between translator poles and stator teeth which is one of the main reasons for high cogging force in linear machines [8] . Having a double-sided machine would help reduce oscillations in P g (z), i.e. in the stored magnetic energy, and thus reduce the cogging force produced from the attraction between the translator poles and stator teeth. End component of cogging force is produced after a sharp decrease (increase) in stored magnetic energy of a magnet entering (leaving) the stator, i.e. its P g (z) becoming much bigger (smaller) than has been. The end component of the cogging force can be reduced by increasing the length of one of the stators (for a pole), but it may somewhat corrupt the flux distribution through the machine. Fig. 4 .a shows the magnetic flux lines in the corresponding 2D axis-symmetric model, for four different positions in mm. Fig. 4 b) shows the FEM simulation of the stored magnetic energy of a ring magnet placed between two ferromagnetic spacers entering the stator's magnetic circuit. Once the magnet enters the stator (at a displacement of 58mm) the stored magnetic energy has smaller amplitude in a DS machine and the change is smoother than in the SS machine.
The proposed geometry together with balanced selection of air gap lengths could match the reluctances over two air gaps and thus minimize fluctuations in the equivalent reluctance 'seen' by the magnets for different translator positions. The air gap reluctance is not only a function of air gap length, but also of its cross-sectional area. It can be evaluated through a formula for reluctance between two coaxial surfaces, which in the particular case of internal and external air gaps, takes the following form:
where 1 and g 2 are the internal and external air gap lengths. Depending on the inner and outer diameters of the translator, there is more or less significant difference between the sizes of crosssectional areas that lie on each side of it. The internal air gap cylinder has smaller surface area compared to the external air gap cylinder. In order to reduce changes in permeance P g (z) between positions of alignment with internal and external stators, the condition R g1 = R g2 is imposed. Equations 1 and 2 show that minimum cogging force can be expected if the external air gap is slightly longer than the internal air gap.
IV. THE TWO-PHASE MACHINE
The following section describes the basic design properties of the two-phase DS machine and analyses its fundamental properties: linked flux, developed electromagnetic force, cogging force and output power.
The two phase design basically involves two single phase machines running on the same permanent magnet translator. It has two separate stator windings. Formed out of alternately placed magnets and focusers, the translator produces spatial wave of flux density with period P=4h m (Fig. 5 ) The internal and external stators are shifted by one magnet height h m , which in this case equals half of the pole pitch p and thus 90 electrical degrees. The behaviour of a particular two-phase double-sided machine with parameters shown in Table 1 has been analysed by means of a FEM simulation. In Fig. 6 , the fluxes enclosed by each stator of the DS machine, the entire DS machine and the total flux of a single-sided (SS) machine are compared. Significant improvement in the total linked flux waveform, i.e. much better magnetic material utilization of DSLPMG is demonstrated.
Two things that can also be noted from the figure are: (a) the peak flux in each of the stators is lower than the total flux in the single-sided machine; and (b) the flux amplitudes differ between the DS machine stators. The latter comes from the fact that the criterion used for the external air gap selection is cogging force minimization, rather than flux balancing. The change in the peak values of the linked flux is due to the presence of the additional stator that enhances the leakage of the translator flux whenever flux is peaking in the other stator. Narrower tooth tip would mean less interference of internal stator in overall flux distribution when the translator is aligned with the external stator and the other way round. However, it would also mean smaller cross-section area for the main flux path. Simulations have shown that narrower stator tooth tip would not result in peak flux increase, on the contrary. Lowering of maximum flux in each stator of the DS machine compared to the SS machine is an effect that does not have the same influence for all values of air gap length. FEM simulations for different air gap lengths show that the peak value of the external stator flux of a DS machine approaches the peak flux value in the external stator of a SS machine for larger air gaps (Fig. 8) . That means that for a SS machine that has been designed to operate with large air gap, the presence of an extra stator would be a pure gain. After the internal air gap length has been fixed based on saturation and mechanical constraints, the size of the external air gap is selected so that it produces minimum peak to peak amplitude of cogging force [6] . The balance between the internal and external air gap reluctance (R in =R out from (2)) yields little larger value for optimal size of external air gap than the one following from FEM analysis. This can be justified by the fact that the optimal size of the air gap also depends on other factors that affect the equivalent reluctance between the magnets and stator, such as local saturations in the internal stator and magnetic flux leakage. In fact, the presence of two stators only helps such leakage, and as seen from Fig. 6 , the total flux amplitude in each stator (compared to the single sided machine) is lower. Fig. 7 shows significant improvement of cogging force characteristics of a Two Phase DS machine compared to a single phase SS machine. As expected ( [9] ), cogging force in a single-sided machine has frequency of:
i.e. spatial period of t , where u t is the translator's velocity and Simulation has also shown (Fig. 7) that increasing the length of the external stator by an extra pole helps reduce cogging force even further. The explanation for this can be found in auxiliary poles principle for suppression of end effects component of cogging force [10] . Fig. 9 shows the results of analytical simulation of DSLPMG's output power for a sea wave of 8 seconds period and 1.2 meter peak to peak amplitude, assuming that the translator follows the wave position. The two phase DSLPMG machine is able to overcome some of the drawbacks of the single phase SSLPMG. The DS topology ideally has almost no ripple in the output power. The reason for this is that the induced electromotive forces in the internal and external windings are displaced by 90 degrees. This means that the developed powers (proportional to EMF squared) have relative phase angle of 180 degrees, resulting in the suppression of ripple in the total output power (Fig. 9 b) . However, any imbalance in flux amplitudes of the stators causes proportional imbalance between the output voltages resulting in ripple in the total power (Fig. 9 a) . This can be solved by appropriate air gap selection and consequential equalization of the fluxes or by adjusting the number of coils per slot in one of the stators. Similar reasoning stands for the developed electromagnetic force whose waveform, in the case of balanced flux and current amplitudes between stators, resembles a sine wave. Differences between the internal and external fluxes and currents produce ripple in the force.
V. THE THREE-PHASE DSLPMG
The difference between the three-phase and twophase topology of DSLPMG lies only in the translator spacers design and the way the windings are connected. For the three phase machine, the distance between magnets is twice as long in order to produce longer translator pole pitch t . This way the voltages induced in adjacent slots are shifted by 2 /3, while the internal and external stators are displaced by /3. The desired pole pitch is obtained by inserting two ferromagnetic ring spacers between the magnets instead of just one as in the two-phase topology. In the case of the DS machine with 3x2xn (n is a natural number) slots on each stator, the induced voltages are as shown by the phasor diagram in Fig. 10 . The diagram also shows the way the stator windings should be connected. It can be concluded that possible imbalance between fluxes and induced EMFs in the internal and external stators will be suppressed in the phase voltages. The drawback of the DS three-phase topology is the more complicated winding scheme and the fact that at least 4 terminals should be extracted out of the inner stator which requires additional space. On the other hand, its output voltage is well suited for use with commonly available three-phase converters.
Unlike in the case of two phase DS machine where cogging force components coming from each stator are shifted by half of the cogging force period (Equation 3 ), in the three phase machine the cogging force would be shifted by only two thirds of their individual cogging force period. In order to obtain distribution of magnetic circuit element that would produce lower values of overall cogging force, both internal and external stator have been divided and distributed into two segments axially separated by nonmagnetic ring of thickness h m i.e. two thirds of cogging force period (Fig. 11) . Thus, three of four newly formed elements would produce cogging forces mutually displaced by two thirds of the force period, while two would be aligned to each other. Result of this is reduction in peak to peak amplitude of DS machine cogging force compared to SS case (Fig. 12) . At the same time, due to double-sided stator structure, PM flux linkage of each phase is strongly enhanced (Fig. 13) . It has been investigated whether flux linkage and cogging force characteristics can be further improved without changing stator dimensions. The aim of the investigation was to interfere with existing PM flux distribution in DS three phase machine, limit its leakages and constrain it into more regular paths. This can be accomplished by insertion of nonmagnetic spacers at the boundary between two pole pitches to increase the reluctance for stray flux and make flux distribution more regular along the machine (Fig. 11 b) .
Compared to a two phase DS machine's translator, magnetic spacers used here would have to be thinner on the account of nonmagnetic spacers' presence. Fig. 12 shows significant reduction of peak-to-peak cogging flux compared to the original machine. Although they effectively reduce the area of the translator pole, nonmagnetic spacers do cause an increase of liked flux amplitude, probably due to the suppressed leakage.
The simulation results shown in Fig. 12 are based on a designed prototype whose aim is to verify the simulation results and validate the DSLPMG concept. In order to obtain simpler translator and use inexpensive but size limited readymade ring magnets, the difference in reluctances between the two sides of the translator had to be more emphasized than preferable. It is very likely that if the translator diameter was larger, a lower cogging force would be attained with less cost on flux balance between the stators. A wider translator would also facilitate space management for internal stator windings. The double-sided, two-phase topology overcomes problems of force and output power ripple present in the single-sided single-phase generators. The double-sided three phase winding connection suppresses the flux amplitude difference between the internal and external stators. Its cogging force characteristics benefit from the translator's spacers modification that provides better management of leakage flux.
More efficient exploitation of magnets means a shorter translator can be used for linking the same amount of PM flux. Additional ferromagnetic material for internal stator to improve the performance of the generator is preferred because of the much higher price of magnetic material.
Drawbacks that have been identified regarding the design of DS LPMG are related to more complexity with realization of bearing system and finding enough space for the internal stator windings without excessively increasing its flux density. The latter problem can be overcome by designing the machine with wider translator.
